The damage caused by two species of introduced mole cricket pests (Scapteriscus vicinus Scudder and Scapteriscus borellii Giglio-Tos) was studied during 1995, 1996, and 1997 in Brunswick County, NC. Surface tunneling activity in bermudagrass was quantiÞed weekly starting in late July or early August using a modiÞcation of the damage grid evaluation method of Cobb and Mack (1989) . Soil moisture was monitored in three depth ranges (0 Ð10.2, 10.2Ð20.3, and 20.3Ð30.5 cm) and percentage soil moisture based on dry soil weight was determined gravimetrically. Most sites had a higher percentage of S. borellii than S. vicinus, with the percentage of S. borellii ranging from 42Ð95%. The percentage soil moisture ranged from 1.2Ð24.9, 1.3Ð19.3, and 1.3Ð20.4% at 0 Ð10.2, 10.2Ð20.3, and 20.3Ð30.5-cm, respectively. Moisture percentages in the 10.2Ð20.3-and 20.3Ð30.5-cm ranges were not signiÞcantly different. Mean percentage soil moisture in the 0 Ð10.2 cm range was signiÞcantly greater than for the 10.2Ð20.3 and 20.3Ð30.5-cm ranges combined. Average damage ratings (0 Ð9) increased linearly with Julian date, but due to differences in damage levels among the years, three separate linear equations were used to describe the relationship. Mean damage ratings increased by one rating point (11%) every 2Ð3 wk. A signiÞcant nonlinear relationship was found between percentage soil moisture and mean damage ratings. Management implications of the Þndings are discussed.
MOLE CRICKETS ARE economically important soil-dwelling pests that damage turfgrass and a variety of other crops throughout the southeastern United States. As is true of many subterranean insects, their behavior is difÞcult to study because direct observation of their activities is not feasible. One of the most obvious and observable aspects of mole cricket behavior is their tunneling activity at the soil surface. The disturbed soil resulting from this digging is often the only evidence of their presence in the habitat. Although the most serious damage to turfgrass occurs when the insects actually feed on the grass itself, mole cricket surface tunneling in managed turf is usually considered as damage, even when the mounding and tunneling are not associated with feeding on the roots and stems. The disturbed soil can disrupt play on golf greens and tees, cause unsure footing on playing Þelds, damage mowing equipment, and ruin the appearance of what would otherwise be considered well-managed turf. For the purposes of this paper, the terms surface tunneling, surface activity and damage are used synonymously.
There are two species of introduced mole cricket pests found in North Carolina turfgrass. The tawny mole cricket, Scapteriscus vicinus Scudder is primarily a phytophagous species, feeding on the roots and stems of the grass. The southern mole cricket, Scapteriscus borellii Giglio-Tos is more of a predaceous species, feeding mainly on other soil arthropods, but also feeding occasionally on the grass (Matheny 1981) . The surface tunneling of both species is quite variable throughout the season, and is dependent on a variety of factors including soil temperature, stage, and the size of the insect. There may also be differences in surface tunneling between the two species. Hayslip (1943) studied both S. vicinus and S. borellii (acletus) in Florida and noted that S. borellii caused a greater proportion of the surface burrowing than S. vicinus, but the latter species was more responsible for direct feeding injury to the plants. Differences in tunneling between the sexes have also been investigated. Walker (1979) performed a small study (Þve males, Þve females) on S. borellii surface tunneling activity in buckets. No differences were found in tunneling activity between the sexes, however, there was high variation in tunneling among individuals, and mean tunneling activity tended to increase with time.
Another factor that may affect surface tunneling is soil moisture. The hypothesis that an increase in soil moisture stimulates mole cricket surface activity has often been suggested, but has never been quantiÞed, or substantiated by experiment. Barrett (1902) com-mented extensively on the natural history of Scapteriscus didactylus (Latreille) (as vicinus) in Puerto Rico, stating that the crickets avoided dry soil conditions and remained at a depth of several inches unless the surface of the soil was moist. He also reported that the greatest amount of damage occurs during moist soil conditions, and suggested killing mole crickets at the surface after rain as a means of control. Similarly, Worsham and Reed (1912) reported that S. vicinus was more active at the surface during moist conditions in Georgia. Hayslip (1943) also reported that most mole cricket surface feeding occurs when the soil was warm and moist, and that in dry Þelds, they preferred to burrow and feed around transplants that had been freshly watered.
Our Þeld observations in North Carolina also indicate that soil moisture dramatically inßuences surface tunneling. Mole crickets are apparently more active during times of high soil moisture and much less active during times of low soil moisture. Further evidence for a relationship between soil moisture and surface tunneling is the fact that mole cricket damage is often more serious near irrigation heads than in the surrounding turf. Although the effect of soil moisture on mole cricket tunneling has not been addressed experimentally, Hudson (1985) studied the surface movements of S. vicinus in bahiagrass pastures using arenas and linear pitfall traps. He found no effect on surface movement within soil ranging between 9.5 and 15.1% moisture in the sampling arenas and 10.0 and 20.8% moisture in the Þeld pitfall study, but did note increased activity following rainfall if the soil had been dry.
Due to the apparent relationship between mole cricket surface activity and soil moisture, it has become a standard practice to recommend the irrigation of infested areas before applying insecticides for the control of these insects. The increased moisture levels are believed to stimulate the surface activity of the pest, increasing their exposure to the insecticidal agents and improving the efÞcacy of the treatment. Because of the important management implications of the relationship between soil moisture and surface activity, it is important to fully understand the insectÕs behavior in regard to this factor. This study was performed to elucidate the relationship between the surface tunneling activity of mole crickets and soil moisture in the turfgrass environment.
Materials and Methods
Study Site. This study was conducted in 1995, 1996, and 1997 at The Lakes Country Club (formerly the Fox Squirrel Country Club, 34Њ 02Õ N, 78Њ 03Õ W) in Brunswick County, NC. The nine bermudagrass (Tifgreen 328) fairways used in the study have a long history of serious mole cricket infestation and are composed mainly of Kureb Þne sand, with one site each in Mandarin and Leon Þne sand. Each year separate untreated portions of infested fairways were selected as test sites and four randomly chosen plots within each site were selected for use in the study.
These plots consisted of either untreated test plots (6 by 6 m or larger) in Þeld insecticide efÞcacy trials, or other untreated fairway areas that could be repeatedly sampled in a similar fashion. All attempts were made to locate each study site in an area that was uniform in both level of infestation and soil type. Eight sites were sampled in 1995, and six sites were sampled each year in 1996 and 1997.
Species Composition, Surface Activity and Soil Moisture. Species composition on each fairway was determined by soapy water ßush sampling (Short and Koehler 1979 ) conducted on one date in mid-to late July, after the majority of the eggs of both species had hatched. Voucher specimens of both species were placed in the North Carolina State University insect collection. Surface activity was quantiÞed using a modiÞcation of the standard damage grid evaluation method of Cobb and Mack (1989) . The original method was developed using a 0.6-m 2 grid divided into nine subsections, however, a 1.0 m 2 PVC grid was used in this study. Damage ratings were made by randomly placing the grid in the area selected for evaluation. Fresh damage was identiÞed both visually and by touch, and a numeric damage rating (0 Ð9) was given based on the occurrence of fresh damage (surface tunneling of any kind) in the nine subsections of the grid (with 0 ϭ no damage, 9 ϭ damage in all nine subsections). Damage ratings were made weekly starting in late July or early August, beginning within 1Ð2 wk after the surface activity from the current yearÕs nymph population became visible enough to produce nonzero ratings in fairway-cut turf. Five ratings were made in each of the four replicates per site on each sampling date and soil moisture samples were taken at the time of each evaluation. Soil moisture was monitored at three depths by taking two random soil cores from each of the four plots evaluated for surface activity at each site. The top cm of grass and thatch was removed and each core was separated into portions representing 0 Ð10.2, 10.2Ð20.3, and 20.3Ð30.5 cm (0 Ð 4, 4 Ð 8, and 8 Ð12 inches, respectively) in depth in the soil proÞle. The sample of cores from each depth range were combined as a composite sample, sealed in plastic bags, and chilled to help prevent moisture loss. The samples were returned to the lab and percentage soil moisture (based on dry soil weight) was determined by the gravimetric method described by Kramer (1969) . This method estimates the weight of the water in the soil by calculating the difference in weight of the sample before and after oven drying. To enable the comparison of the percentage moisture data reported here with those in other studies, a standard matric potential curve for Kureb Þne sand from the study site was developed using the standard pressure plate extractor technique following the methods described by Kramer (1969) .
Data Analysis. Soil moisture data were analyzed using repeated measures analysis with depth as a repeated measures factor. Orthogonal contrasts were used to compare the percentage moisture at 10.2Ð20.3 cm with that at 20.3Ð30.5 cm; as well as the percentage moisture at 0 Ð10.2 cm with the mean of the percentage 
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Species Composition.
The results of soapy water ßush sampling indicate that most sites had a higher percentage of S. borellii than S. vicinus. The percentage of S. borellii at the sites ranged from 54 Ð90% in 1995, 42Ð95% in 1996, and 83Ð95% in 1997. Excluding one site (42%), the percentage of S. borellii in 1996 was 78 Ð95%. Additionally, the results of replicated weekly ßush sampling on 10 dates (end of May through July) in a concurrent study on mole cricket development indicate that the overall percentage of S. borellii on the course was 48.8% in 1995, 88.3% in 1996 and 88.4% in 1997. Numbers of S. borellii recovered in the samples were similar among the years, indicating substantial lower S. vicinus populations in 1996 and 1997 (unpublished data) .
Soil Moisture. Mean percentage soil moisture for each of the three depths is reported by year in Table  1 . The percentage moisture at 0 Ð10.2 cm ranged from 2.0 Ð23.7% in 1995, 5.9 Ð24.9% in 1996 and 1.2Ð11.2% in 1997. The percentage moisture at 10.2Ð20.3 cm ranged from 1.3Ð17.1% in 1995, 2.9 Ð19.3% in 1996 and 1.3Ð7.4% in 1997. The percentage moisture at 20.3Ð30.5 cm ranged from 1.5Ð17.0% in 1995, 3.9 Ð20.4 in 1996 and 1.3Ð 8.3% in 1997. The overall mean percentage moisture for the three years of study was 9.4 Ϯ 0.5, 6.3 Ϯ 0.3 and 6.4 Ϯ 0.4% at 0 Ð10.2, 10.2Ð20.3 and 20.3Ð30.5 cm, respectively.
There were signiÞcant differences (F ϭ 250.35; df ϭ 2, 146; P Ͻ 0.0001) in the percentage soil moisture at different depths. Orthogonal contrasts show that the percentage moisture at 10.2Ð20.3 cm and 20.3Ð30.5 cm were not signiÞcantly different (F ϭ 1.48; df ϭ 1, 73; P ϭ 0.2280), and could be combined. The mean percentage moisture at 0 Ð10.2 cm was signiÞcantly greater than the mean percentage moisture in the 10.2Ð20.3 and 20.3Ð30.5 cm ranges combined (F ϭ 378.5; df ϭ 1, 73; P Ͻ 0.0001). There were no signiÞcant differences among the years with regard to mean percentage moisture at the 20.3Ð30.5 cm level. However, mean percentage moisture at both the 0 Ð10.2 and 10.2Ð20.3 cm levels were signiÞcantly greater in 1995 than in 1997 (t ϭ 2.11; df ϭ 2, 17; P Յ 0.05). Mean percentage moisture in 1996 at both the 0 Ð10.2 and 10.2Ð20.3 cm levels were not signiÞcantly different from those observed in either 1995 or 1997 (t ϭ 2.11; df ϭ 2, 17; P Ͼ 0.05).
Percentage soil moisture data reported here is most meaningfully compared with those reported in other studies using matric potential (-KPa). A graph relating percentage moisture and matric potential for Kureb Þne sand from our study site is presented in Fig. 1 . This graph shows that between 4 Ð23% (-10 to 0 KPa, respectively), moisture is readily available to soil organisms, but at moisture levels Ͻ4% (-50 to -1,500 KPa) moisture is biologically unavailable in this soil. Kureb, Mandarin and Leon Þne sand are similar in surface texture and the matric potential relationship will be comparable on a percentage basis.
Surface Activity and Julian Date. Mean damage ratings for each year are reported in Table 1 . Mean damage ratings were found to increase linearly with Julian date (Fig. 2) . Due to signiÞcant differences (F ϭ 4.3; df ϭ 2, 17; P Ͻ 0.05) in the level of damage during the three years of the study, a single linear equation could not be used to model mean damage ratings. The three linear equations describing the relationship between mean damage ratings and Julian date are: Y ϭ Ϫ11.18 ϩ 0.0752X (for 1995, r 2 ϭ 0.59), Y ϭ Ϫ12.85 ϩ 0.0749X (for 1996, r 2 ϭ 0.34) and Y ϭ Ϫ8.38 ϩ 0.0526X Means in the same column with the same letter are not signiÞcantly different (LSD, P Յ 0.05). Fig. 1 . Relationship between soil moisture and matric potential (-KPa) for Kureb Þne sand from the study site.
(for 1997, r 2 ϭ 0.23) (Y ϭ a ϩ bX, where Y ϭ average damage rating, a ϭ intercept, b ϭ slope, and X ϭ Julian date). The slopes of the lines indicate that the rate of increase in damage is approximately the same in 1995 and 1996, but slightly less in 1997. Mean damage ratings increased by one rating point (11%) every 2Ð3 wk (13.3, 13.4, and 19.0 d for 1995, 1996, and 1997, respectively) .
Surface Activity and Soil Moisture. A signiÞcant relationship was found between soil moisture and surface tunneling activity. Mean damage ratings were related to mean percentage moisture using two separate analyses, one of which included both a linear and quadratic term for mean percentage moisture in the 0 Ð10.2 cm samples, and the second which included linear and quadratic terms for the mean of the combined percentage moisture in the 10.2Ð20.3 and 20.3Ð 30.5 cm samples (Table 2 ). Due to differences in damage among the years, a highly signiÞcant block effect, and the signiÞcant relationship between mean damage ratings and Julian date, both analyses Þtted a different quadratic for each date and year. The analysis including terms for soil moisture from 0 Ð10.2 cm is more signiÞcant with regard to the F and P values for the quadratic moisture term, and is the more appropriate model for addressing the relationship with surface activity.
Discussion
Although the relationship between soil moisture and mole cricket surface tunneling has often been alluded to in the literature, this is the Þrst study verifying these observations with a replicated Þeld test. Our results show that surface tunneling increased signiÞcantly with increases in the percentage soil moisture in the upper soil layer, and that the relationship is nonlinear. Given the obvious relationship of moisture among the levels sampled, it is not surprising that moisture in the deeper samples could also be correlated with tunneling activity. The study also demonstrates that damage increases linearly with time of year (Julian date). Although the rate of increase in damage ratings is similar, the level of damage can be substantially different from year to year. The differences observed in damage levels may have been due to several factors, including the differences noted in population composition and mean soil moisture among the years.
The damage grid rating system developed by Cobb and Mack (1989) is the only currently accepted method for quantifying mole cricket surface tunneling activity. It has become the standard technique used to evaluate mole cricket insecticide efÞcacy trials and provided a quick and easy method to quantify surface tunneling in our study. Although the rating system was developed for evaluating damage caused by S. vicinus, it has been widely used to evaluate the damage caused by S. borellii, as well as mixed populations of the two species. Unfortunately, it is virtually impossible to differentiate the damage caused by the two species, and was not attempted in this study. The rating technique does have some limitations. It can only be used when the mole cricket nymphs are large enough to produce visible evidence of their surface activity, and cannot accurately estimate population size when enough nymphs are present to consistently cause damage in all nine subsections of the grid (Cobb and Mack 1989) .
The damage grid rating system has been widely adopted because of the difÞculty of making mole cricket population estimates by other means. Cobb and Mack (1989) found that S. vicinus nymph counts from soapy water ßush samples (Short and Koehler 1979) were linearly related to ratings by the equation Y ϭ 0.57X -0.78 (where Y ϭ number of nymphs per 0.6 m 2 , X ϭ damage rating). Both the mixed species composition of the populations, and the larger grid size used, made it impossible to use this equation to estimate population size in our study.
The need for a quadratic term for moisture in the analysis directly addresses the nonlinear nature of the relationship between moisture and surface activity. Many aspects of insect behavior, reproduction and physiology are not well-described by linear functions. This is especially true of moisture relationships among edaphic insects because they have adapted to survive and function over a wide range of moisture conditions, 1981) , where oviposition in sandy soil did not take place below 3% moisture, was unimpeded at midrange moisture levels, and was reduced at moisture levels approaching saturation. A similar relationship was shown for oviposition preference in Cerotoma trifurcata (Foster) (Marrone and Stinner 1983a) , and between egg-hatch and soil moisture in C. trifurcata (Marrone and Stinner 1983b) . In these studies few eggs were laid, hatched or survived in loamy sand at moisture levels near or below the wilting point of plants, or in saturated soil. Egg-hatch was uniformly high between these extremes. Hertl et al. (2001) demonstrated that adult mole crickets suffer high mortality when conÞned in Kureb Þne sand at 2% moisture, however, no differences in mortality were noted at soil moisture levels between 4 and 12%. The substantial differences in adult survival between 2 and 4% moisture, and the matric potential data for this soil suggests a threshold moisture level of Ϸ3%. Data presented here show that mole crickets can be subjected to an extreme range of moisture near the soil surface. However, our results indicate that mole crickets avoid dry conditions by limiting their activity at the surface during periods of low moisture, and resume their surface activities when acceptable moisture levels prevail. The study related surface tunneling with existing differences in soil moisture due to differences in rainfall, soil moisture retention, and irrigation schedules. Although we did not use irrigation treatments to show differences in surface activity, irrigation is the primary means of increasing soil moisture in managed turfgrass. The study demonstrated that moisture does affect the surface activity of large nymphs capable of producing visible, rateable damage in late summer. However, most insecticide applications for mole cricket control are timed to coincide with peak hatch, which usually occurs in late June or early July in NC (unpublished data). During that period the population is composed primarily of very small nymphs, and damage is not evident. Although we cannot directly relate our Þndings to the smaller instars, it is likely that their behavioral response to moisture is similar. Therefore, we agree with the practice of recommending irrigation to stimulate surface activity before applying insecticides for the control of mole crickets.
The study found a signiÞcant positive relationship between soil moisture and mole cricket surface activity. Previous studies have found signiÞcant relationships between soil moisture and mole cricket calling behavior (Ulagaraj 1976) , egg chamber depth (Worsham and Reed 1912 , Van Zwaluwenburg 1918 , Hayslip 1943 and oviposition (Hertl et al. 2001) . Rainfall is another moisture-related factor affecting mole cricket behavior. However, the evolutionary context of the response is the resulting increase in soil moisture levels, rather than the event itself. Rainfall has been cited as stimulating adult ßights (Hayslip 1943 , Ulagaraj 1975 , Walker 1982 , and Hudson (1985) noted increased surface movement of nymphs following rainfall if the soil had been dry. Surface tunneling activity can be added to the list of mole cricket behaviors inßuenced by soil moisture, and we now have an empirical basis for considering and using soil moisture in the management of these pests.
